Kidney transplantation is the preferred treatment for end-stage renal disease (ESRD) because it reverses many complications of chronic kidney disease (CKD), improves recipients\' quality of life, and prolongs survival.^[@R1]^ Advances in immune suppression, which vastly enhanced short-term allograft outcomes, have enabled the transplant community to focus more attention on managing the nonimmune aspects of the posttransplant period to optimize recipients\' long-term health.

Disordered mineral metabolism is a common complication of CKD that begins early in the course of disease and progressively worsens as patients approach ESRD.^[@R2]^ In its most severe form, disordered mineral metabolism in ESRD is characterized by hyperphosphatemia, hypocalcemia, deficiencies of 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D, and markedly elevated levels of parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23).^[@R3]-[@R8]^ Individually and in aggregate, these alterations are associated with increased risks of cardiovascular disease, fracture, and death.^[@R8]-[@R12]^ Although restoring normal kidney function by transplanting a healthy kidney might be expected to fully reverse disordered mineral metabolism due to ESRD, most existing data suggest that transplantation only partially corrects certain alterations.^[@R13]-[@R18]^ Furthermore, presence of a healthy allograft that can respond to the hormonal effects of lingering elevations in PTH and FGF23 levels can precipitate de novo alterations in mineral metabolism, including hypercalcemia and hypophosphatemia.^[@R19],[@R20]^ Posttransplant hypercalcemia and hypophosphatemia present clinicians with management challenges because they may jeopardize graft function and bone health and exacerbate fracture and cardiovascular risk.^[@R20]-[@R22]^

The postkidney transplant period should be considered a unique phase in the natural history of disordered mineral metabolism associated with CKD that requires dedicated investigation.^[@R14]^ Few studies have systematically studied mineral metabolism in the posttransplant period. Among those that did, most previous studies were small, single-center, brief, and failed to measure a comprehensive panel of mineral metabolites.^[@R23]-[@R28]^ As a result, the frequency of hypercalcemia, hypophosphatemia, and persistent hyperparathyroidism during the first year after kidney transplantation remain incompletely characterized. We conducted the current prospective, observational study to examine the evolution of persistent hyperparathyroidism and associated alterations in mineral metabolism during the first year after kidney transplantation.

MATERIALS AND METHODS
=====================

Study Design and Population
---------------------------

We performed a prospective, observational cohort study in 12 kidney transplant centers across the United States (Lists of Study Team Members, **SDC**, <http://links.lww.com/TP/B170>). Individuals aged 18 years or older who were admitted for kidney transplantation were eligible to participate if they were currently undergoing hemodialysis treatment for ESRD, had at least 1 documented measurement of plasma PTH greater than 65 pg/mL within the previous 6 months, and a plasma PTH greater than 65 pg/mL at the time of admission for transplantation. Exclusion criteria included multiple organ transplantation or history of medical conditions known to cause hypercalcemia, such as primary hyperparathyroidism, active malignancy, or granulomatous diseases. The study was approved by the institutional review boards of the participating clinical centers, and all participants provided written informed consent.

Two hundred forty-six individuals met the study\'s eligibility criteria and underwent kidney transplantation. They were enrolled in 2 strata, according to their pretransplant baseline plasma PTH level that was measured on admission for transplantation: low PTH (\>65 to ≤ 300 pg/mL) or high PTH (\>300 pg/mL). To reflect the general US kidney transplant population, the protocol prespecified enrollment of up to 90 living donor recipients among the study\'s 246 total participants. Baseline laboratory values for the study were collected from participants after they were admitted to the hospital for transplantation.

The duration of clinical observation was 12 months, during which serum and plasma samples were collected at weeks 1, 2, 4, and 8 and at months 3, 6, 9, and 12 after transplantation to measure mineral metabolites and allograft function. Concomitant use of cinacalcet, vitamin D sterols, and other medications were ascertained at each study visit. To minimize confounding that would be introduced by poor allograft function, the protocol specified withdrawal of participants with sustained reductions in estimated glomerular filtration rate (eGFR, via the Modification of Diet in Renal Disease equation^[@R29]^) of less than 30 mL/min per 1.73 m^2^ for greater than 75 consecutive days after transplantation. Other reasons for removal from the study included withdrawal of consent or loss to follow-up.

Assays
------

Serum calcium, phosphate, and creatinine and plasma PTH and FGF23 were measured at each study visit. Serum 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, bone-specific alkaline phosphatase (BALP), procollagen type 1 N-terminal propeptide (P1NP), C-terminal telopeptide type 1, osteocalcin, and urine N-terminal telopeptide corrected to the simultaneous urine creatinine were measured at baseline and at months 3, 6, and 12. All laboratory tests were performed in real time by a central laboratory (Covance Central Laboratory Services, Indianapolis, IN). Intact PTH was measured using a 2-site sandwich immunoassay on an ADVIA Centaur Immunoassay System (Siemens Medical Solutions USA, Malvern, PA). The FGF23 was measured using an intact enzyme-linked immunosorbent assay (ELISA; Immutopics International, San Clemente, CA). Both 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D were measured with a radioimmunoassay (DiaSorin, Stillwater, MN). The BALP was measured with a one-step immunoenzymatic assay (Beckman Coulter Inc, Brea, CA), P1NP with a radioimmunoassay (Orion Diagnostica, Espoo, Finland), C-terminal telopeptide type 1 with an ELISA (Alere Scarborough, Inc, Scarborough, ME), osteocalcin with an electrochemiluminescence immunoassay (Roche Diagnostics, Indianapolis, IN), and N-terminal telopeptide with an ELISA (IDS, Herlev, Denmark).

Statistical Analysis
--------------------

For descriptive analyses of demographics and laboratory characteristics, continuous variables are reported as means ± SD or SE, and categorical variables as frequencies and proportions.

The primary, prespecified measure of interest was the rate of persistent hyperparathyroidism, defined as PTH greater than 65 pg/mL at months 3, 6, 9, and 12 among "untreated" participants. For the primary measure of interest, participants were considered "treated" if they had undergone parathyroidectomy at any time before a scheduled study visit or received off-label, posttransplant treatment with cinacalcet or active vitamin D sterols within 3 months before a scheduled study visit. The secondary, prespecified measure of interest was the rate of persistent hyperparathyroidism among all participants, including those who were treated. For this analysis, treated participants were considered as having persistent hyperparathyroidism in addition to those with PTH greater than 65 pg/mL. In a secondary analysis, we defined persistent hyperparathyroidism as PTH greater than 130 pg/mL, which was 2 times the laboratory\'s upper limit of normal. For each of these analyses, we calculated the rates and 95% CIs of persistent hyperparathyroidism at months 3, 6, 9, and 12.

We used a similar approach to calculate rates of hypercalcemia (albumin-corrected serum calcium \> 10.2 mg/dL) and hypophosphatemia (serum phosphate \< 2.5 mg/dL) at each time point among the untreated population. We also analyzed values of PTH, FGF23, albumin-corrected serum calcium, eGFR, and serum phosphate among untreated participants. We used repeated measures modeling for all statistical comparisons. For each analyte, we compared the values between the high versus low PTH strata, and between baseline versus peak or nadir values within each stratum. We also estimated the difference between the high and low PTH strata with 95% CIs and calculated a *P* value for the comparison.

We performed logistic regression analyses to assess predictors of persistent hyperparathyroidism (PTH \> 65 pg/mL) and hypercalcemia (\>10.2 mg/dL) at the 3, 6, 9, and 12 month visits. Candidate factors that we considered included age (\< or ≥ 65 years), sex, race, baseline PTH stratum, diabetes, dialysis vintage, pretransplant cinacalcet use, pretransplant vitamin D sterol use, baseline-corrected serum calcium (≤10.2 or \> 10.2 mg/dL), baseline serum phosphate (\<2.5, 2.5 to \< 5.1, or ≥ 5.1 mg/dL), and kidney transplant donor type (living or deceased). Baseline PTH stratum (forced into model) and factors that met the stay criterion (*P* \< 0.10) were maintained in the final model. We calculated Spearman correlation coefficients to describe the relationships between FGF23 and PTH, PTH and 1,25-dihydroxyvitamin D, FGF23 and 1,25-dihydroxyvitamin D, and FGF23 and phosphate.

Nominal *P* values were generated with no adjustment for multiplicity. No imputation methods were used for missing data. Analyses were performed using SAS version 9.2 and later (SAS Institute, Cary, NC).

RESULTS
=======

Two hundred forty-six individuals from 12 kidney transplant centers across the United States were enrolled in 1 of 2 strata, according to their pretransplant baseline plasma PTH level: low PTH (\>65 to ≤ 300 pg/mL) or high PTH (\>300 pg/mL). Demographics and baseline characteristics of the study population overall and by PTH strata are presented in Table [1](#T1){ref-type="table"}. Key laboratory values at baseline are presented in Table [2](#T2){ref-type="table"}. In addition to higher PTH, the high PTH stratum had higher baseline levels of FGF23, serum phosphate, and BALP, and lower albumin-corrected serum calcium compared to the low PTH stratum.

###### 

Demographics and baseline characteristics overall and by strata of parathyroid hormone
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###### 

Baseline biochemical characteristics overall and by strata of parathyroid hormone
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The disposition of the 246 participants who enrolled in the study is presented in Figure [1](#F1){ref-type="fig"}. Twenty-two participants withdrew before month 3. Among the 224 who continued, 41 received treatment with off-label cinacalcet (Sensipar/Mimpara; Amgen Inc, Thousand Oaks, CA) or active vitamin D sterols or underwent parathyroidectomy (which was performed in 1 participant in each stratum) by month 3. Among these 41 participants, 23 remained on treatment through month 12; 12 subsequently discontinued treatment, and 5 withdrew from the study before month 12. Among the 183 participants who went untreated during the first 3 months, 7 initiated treatment between months 3 and 6, and 32 withdrew from the study before month 12, leaving 144 who completed the full year of follow-up without undergoing parathyroidectomy or ever receiving treatment with off-label cinacalcet or active vitamin D sterols.

![Disposition of all enrolled study participants over time. "Untreated" patients were those who did not undergo parathyroidectomy and did not receive off-label treatment with cinacalcet or vitamin D sterols after transplantation and before the scheduled visit. ^a^Of the 8 who stopped treatment, 1 returned to treatment by Month 12. ^b^Of the 7 who initiated treatment, 1 terminated study early between months 9 and 12.](tp-100-184-g003){#F1}

The primary reasons for withdrawal from the study included protocol-specified discontinuation for impaired allograft function (eGFR \< 30 mL/min per 1.73 m^2^ for \> 75 consecutive days) in 18 participants, loss to follow-up in 19, withdrawal of consent in 15, and death in 9. Three participants in the high PTH stratum (1.2%) experienced permanent loss of allograft function, defined as the need to reinitiate dialysis for greater than 30 consecutive days. The mean (± SD) eGFR in the overall population throughout months 3 to 12 was 52.5 ± 16.4 mL/min per 1.73 m^2^. Throughout the study, the difference in eGFR levels between the high and low PTH strata was minimal (1.5 mL/min per 1.73 m^2^; 95% confidence interval \[95% CI\], −1.6 to 4.5 mL/min per 1.73 m^2^; *P* = NS).

Parathyroid Hormone
-------------------

Mean (± SE) posttransplant plasma levels of PTH among untreated participants are presented in Figure [2](#F2){ref-type="fig"}A. In the high PTH stratum, mean PTH levels decreased sharply during the first 3 months after transplantation (615.2 ± 31.0 pg/mL at baseline to 202.9 ± 18.2 pg/mL by month 3; *P* \< 0.001), and then declined more gradually through month 12. In the low PTH stratum, PTH increased slightly from baseline to month 6 (193.8 ± 5.8 to 222.5 ± 94.3 pg/mL by month 6; *P* = NS) before gradually decreasing. In both strata, however, mean PTH remained substantially elevated at month 12 (high PTH stratum: 146.3 ± 13.4; low PTH stratum: 118.1 ± 7.0 pg/mL).

![Posttransplant levels of PTH among untreated participants, defined as those who did not undergo parathyroidectomy at any time after transplantation and did not receive off-label treatment with cinacalcet or vitamin D sterols within 3 months before the scheduled study visit. A, Mean (± standard error \[SE\]) PTH (pg/mL) levels over time by PTH stratum among untreated participants. B, Rate of persistent hyperparathyroidism (HPT) (PTH \> 65 pg/mL) among untreated participants at months 3, 6, 9, and 12. C, Distribution of normal PTH (PTH ≤ 65 pg/mL) and persistent HPT using 2 PTH cutpoints (\>65 to ≤ 130; \> 130 pg/mL) among untreated participants at months 3, 6, 9, and 12.](tp-100-184-g004){#F2}

The primary, prespecified measure of interest was the rate of persistent hyperparathyroidism, defined as PTH greater than 65 pg/mL, at months 3, 6, 9, and 12 among "untreated" participants, which included those who had not undergone parathyroidectomy at any time before a scheduled visit, or had not received off-label, posttransplant treatment with cinacalcet or active vitamin D sterols within 3 months before a scheduled study visit (Figure [2](#F2){ref-type="fig"}B). The rates (95% CI) among all untreated participants were 89.5% (85.0-94.1%) at month 3, 86.8% (81.5-92.1%) at month 6, 83.1% (77.2-89.0%) at month 9, and 86.2% (80.2-92.1%) at month 12.

When considering all participants who received treatment as having persistent hyperparathyroidism, the rates of persistent hyperparathyroidism were even higher: 91.5% (87.8-95.3%) at month 3, 89.2% (84.9-93.6%) at month 6, 86.2% (81.2-91.1%) at month 9, and 88.8% (83.9-93.6%) at month 12. The rates of persistent hyperparathyroidism among untreated participants remained high even when higher PTH cut points were used to define persistent hyperparathyroidism (Figure [2](#F2){ref-type="fig"}C).

In a multivariable logistic regression analysis using backward selection, the identified independent predictors of hyperparathyroidism at month 3 after transplant (PTH \> 65 pg/mL) were greater dialysis vintage (odds ratio 1.44 per each year; 95% CI, 1.05-1.98; *P* = 0.025), and pretransplant treatment with vitamin D sterols, which was associated with significantly lower risk (odds ratio, 0.29; 95% CI, 0.10-0.87; *P* = 0.028). Pretransplant cinacalcet use may be associated with higher likelihood of hyperparathyroidism at month 3 after transplantation (odds ratio, 8.20; 95% CI, 0.99-67.94; *P* = 0.051). Similar analyses at months 6, 9, and 12 yielded inconsistent results with no single factor consistently predicting likelihood of hyperparathyroidism at all time points; however, the absolute rates of persistent hyperparathyroidism were numerically higher among participants who were treated with cinacalcet before transplantation (94-100% at the different time points during follow-up) than in those who did not receive pretransplant cinacalcet (78-85%).

Calcium
-------

Mean (±SE) posttransplant levels of albumin-corrected serum calcium among untreated participants are presented in Figure [3](#F3){ref-type="fig"}A. Levels increased significantly from baseline to week 4 in both the high PTH stratum (9.6 ± 0.1 to 10.2 ± 0.1 mg/dL; *P* \< 0.001) and the low PTH stratum (9.8 ± 0.1 to 10.0 ± 0.1 mg/dL; *P* \< 0.001), and remained elevated above baseline through month 12. Results were qualitatively similar using uncorrected serum calcium levels (data not shown).

![Posttransplant levels of corrected serum calcium among untreated participants, defined as those who did not undergo parathyroidectomy and did not receive off-label treatment with cinacalcet or vitamin D sterols after transplantation and before the scheduled visit. A, Mean (±SE) total corrected serum calcium (mg/dL) levels over time by PTH stratum. B, Rate (95% CI) of hypercalcemia (corrected serum calcium \> 10.2 mg/dL) over time by PTH stratum.](tp-100-184-g005){#F3}

Rates of hypercalcemia (albumin-corrected serum calcium \> 10.2 mg/dL) among untreated participants are presented in Figure [3](#F3){ref-type="fig"}B. By week 1 after transplantation, the rate (95% CI) of hypercalcemia was 30.6% (22.1-39.2%) in the high PTH stratum and 21.7% (13.9-29.5%) in the low PTH stratum. The rate of hypercalcemia increased to a peak of 48.2% (37.6-58.9%) at week 8 in the high PTH stratum, and then steadily decreased through month 12. In the low PTH stratum, the rate of hypercalcemia peaked at 29.0% (19.8-38.3%) at week 2, and then steadily decreased through month 12.

In multivariable logistic regression analyses, the identified independent predictors of posttransplant hypercalcemia (corrected calcium \>10.2 mg/dL), at months 3, 6, 9, and 12 were high versus low baseline PTH stratum (all *P* values ≤ 0.05; **Table S1, SDC,** <http://links.lww.com/TP/B170>), and baseline corrected serum calcium greater than 10.2 mg/dL (all *P* values \< 0.01; **Table S1, SDC,** <http://links.lww.com/TP/B170>). Although the absolute rates of posttransplant hypercalcemia were numerically higher among participants who were treated with cinacalcet before transplantation (24-49% at the different time points during follow-up) than in those who did not receive pretransplant cinacalcet (13-32%), pretransplant cinacalcet use was not an independent predictor of posttransplant hypercalcemia at any time point.

Fibroblast Growth Factor 23
---------------------------

Mean (±SE) posttransplant plasma levels of intact FGF23 among untreated participants are presented in Figure [4](#F4){ref-type="fig"}A. In both strata, FGF23 levels decreased rapidly during the first 3 months after transplantation: from 492.1 ± 25.7 at baseline to 34.1 ± 10.7 pg/mL by month 3 in the high PTH stratum (*P* \< 0.001), and from 355.6 ± 29.3 at baseline to 16.9 ± 1.3 pg/mL by month 3 in the low PTH stratum (*P* \< 0.001). Values remained stable thereafter and were consistently less than 40 pg/mL in both strata.

![Posttransplant levels of FGF23 and serum phosphate among untreated participants, defined as those who did not undergo parathyroidectomy and did not receive off-label treatment with cinacalcet or vitamin D sterols after transplantation and before the scheduled visit. A, Mean (±SE) plasma FGF23 (pg/mL) levels over time by PTH stratum. B, Mean (± SE) serum phosphate (mg/dL) levels over time by PTH stratum. C, Rate (95% CI) of hypophosphatemia (serum phosphate \< 2.5 mg/dL) over time by PTH stratum.](tp-100-184-g006){#F4}

Phosphate
---------

Mean (±SE) posttransplant levels of serum phosphate among untreated participants are presented in Figure [4](#F4){ref-type="fig"}B. Serum phosphate decreased from baseline within the first 4 weeks after transplantation in both the high PTH stratum (5.2 ± 0.1 to 2.6 ± 0.1 mg/dL; *P* \< 0.001) and the low PTH stratum (4.7 ± 0.1 to 2.8 ± 0.1 mg/dL; *P* \< 0.001). Levels increased slightly thereafter and remained stable through month 12 at 3.3 ± 0.1 mg/dL in the overall study population.

Rates of hypophosphatemia (serum phosphate \< 2.5 mg/dL) among untreated participants are presented in Figure [4](#F4){ref-type="fig"}C. By week 2 after transplantation, the rate (95% CI) of hypophosphatemia was 53.5% (43.7-63.2%) in the high PTH stratum and 43.6% (33.6-53.6%) in the low PTH stratum. Thereafter, rates of hypophosphatemia progressively decreased through month 12.

Other Analytes
--------------

Mean (±SE) levels of serum 1,25-dihydroxyvitamin D levels increased from baseline to month 12 in both strata (high PTH stratum: 27.5 ± 1.3 to 54.7 ± 3.1 pg/mL; low PTH stratum, 25.9 ± 1.1 to 55.9 ± 2.1 pg/mL; **Figure S1, SDC,** <http://links.lww.com/TP/B170>). Mean (±SE) levels of serum 25-hydroxyvitamin D levels decreased slightly from baseline to month 12 in both strata (high PTH stratum: 32.5 ± 1.5 to 28.5 ± 2.0 ng/mL; low PTH stratum: 30.8 ± 1.5 to 30.5 ± 1.4 ng/mL). The BALP was higher at baseline in the high PTH stratum; the levels increased from baseline through months 3 to 6 before declining by month 12 in both groups. P1NP was initially higher in the high PTH group and decreased substantially over time through month 12. Procollagen type 1 N-terminal propeptide was relatively stable through month 12 in the low PTH stratum. Other markers of bone turnover were initially higher in the high PTH stratum, decreased substantially over time in both strata, and were similar across the strata by month 12 (**Figure S2, SDC,** <http://links.lww.com/TP/B170>).

Relationships Between Analytes
------------------------------

Higher FGF23 correlated with higher PTH during the first 3 months after transplantation (month 3, r = 0.33, *P* \< 0.01), but the association weakened over time (month 12, r = 0.09; *P* = 0.34). Higher FGF23 correlated with lower 1,25-dihydroxyvitamin D at month 3 (r = −0.37; *P* \<0.01) and month 6 after transplantation (r = −0.28; *P* \<0.01), but there was no significant association by month 12. Between week 4 and month 3 after transplantation, higher FGF23 correlated with lower serum phosphate (range of r = −0.18 to −0.28; *P* \<0.01), but thereafter, they were not correlated. PTH did not correlate with 1,25-dihydroxyvitamin D at any time point.

DISCUSSION
==========

In this prospective, multicenter, observational study based in the United States, we demonstrate rates of persistent hyperparathyroidism in excess of 80% throughout the first year after kidney transplantation, despite the recipients\' healthy allograft function. Even when considering a higher PTH threshold greater than 130 pg/mL, more than 40% of participants demonstrated persistent hyperparathyroidism throughout the first year. High posttransplant PTH levels were accompanied by increased serum calcium and decreased serum phosphate levels, and high rates of hypercalcemia and hypophosphatemia. These data demonstrate that secondary hyperparathyroidism due to CKD is only partially corrected by kidney transplantation and that rates of persistent hyperparathyroidism remain extremely high during the first year after transplantation.

The results of our prospective, multicenter study extend the findings of the few previous, single-center studies that investigated posttransplant mineral metabolism.^[@R30],[@R31]^ Although one might have expected more severe pretransplant hyperparathyroidism to be associated with more severe hyperparathyroidism after transplantation, by stratifying transplant recipients according to their baseline pretransplant PTH levels, we were able to show minor differences in PTH and other mineral metabolites after the initial 3 months after transplantation, and high rates of persistent hyperparathyroidism in both strata. These results suggest that clinical surveillance for persistent hyperparathyroidism and hypercalcemia should not be reserved exclusively for individuals with high pretransplant PTH levels. We also observed reductions in markers of bone turnover in the early posttransplant period, especially among recipients with high pretransplant PTH levels. Although this may suggest improved bone health in response to transplantation, the clinical implications of these changes in bone biomarkers in kidney transplant recipients require further study.

Study participants who were undergoing treatment with cinacalcet before transplantation had high rates of persistent hyperparathyroidism and hypercalcemia after transplantation. We speculate that the rates of posttransplant hyperparathyroidism and hypercalcemia were higher in this subgroup because pretransplant treatment with cinacalcet likely served as a marker of more severe hyperparathyroidism at baseline. It is important to emphasize that rates of posttransplant hyperparathyroidism and hypercalcemia were also high even among those participants who were untreated with cinacalcet before transplantation. Thus, rates of persistent hyperparathyroidism and hypercalcemia were high, regardless of cinacalcet exposure before transplant.

In contrast to persistently elevated PTH levels, FGF23 levels decreased precipitously during the first 3 months after transplantation and remained low thereafter, regardless of the individuals\' baseline PTH level. Although FGF23 levels fell rapidly, we found that higher FGF23 levels were associated with lower serum phosphate through the first 3 months after transplantation and with lower 1,25-dihydroxyvitamini D levels through month 6 after transplantation, consistent with the known physiological effects of FGF23. These results align with previous studies that implicated persistently elevated FGF23 levels as a contributing cause of hypophosphatemia due to renal phosphate wasting and 1,25-dihydroxyvitamin D deficiency during the early posttransplant period.^[@R19],[@R32]-[@R37]^ Most of these studies also demonstrated similarly rapid and sustained reductions in FGF23 levels after the initial posttransplant period.^[@R30],[@R34],[@R37],[@R38]^ The finding that FGF23 normalizes far more rapidly than PTH suggests fundamental differences in the cellular biology of FGF23- and PTH-secreting cells that enable more rapid involution of the FGF23 response to CKD. It is also noteworthy that FGF23 decreased despite persistently elevated PTH, which stimulates FGF23 production.^[@R37],[@R39]-[@R42]^ Perhaps subtle but protracted PTH-mediated renal phosphate wasting in transplant recipients induces negative phosphate balance that is appropriately sensed by osteocytes, which reduce FGF23 production in an effort to conserve phosphate, despite the stimulatory effects of high PTH. Indeed, serum phosphate levels tend to be approximately 0.5 mg/dL lower in kidney transplant recipients than CKD patients with comparably reduced eGFR.^[@R37]^ Phosphate balance studies have not been performed in this population, but such studies would help determine whether PTH-induced phosphate wasting is a novel mechanism that contributes to high fracture rates in kidney transplant recipients.^[@R43],[@R44]^

Although the prospective design, large sample size, PTH stratification, and frequent measurements of a comprehensive panel of mineral metabolites are strengths of the current study, we acknowledged certain limitations. The criteria we used to define persistent hyperparathyroidism, hypercalcemia, and hypophosphatemia may not comport with contemporary practice across all transplant centers. Our results also may not generalize to transplant centers outside the United States. We did not collect data on use of phosphate supplementation after transplantation. Early withdrawal from the study led to missing data points and decreased the number of evaluable participants at specific time points. However, many of the withdrawals from our relatively large study were mandated by the protocol to minimize confounding by impaired allograft function. Since the estimates of persistent hyperparathyroidism rates excluded individuals with poor allograft function, which would increase rather than decrease PTH levels, our results likely underestimate the true prevalence of persistent hyperparathyroidism.

We also did not measure levels of 24,25-dihydroxyvitamin D, which is a marker of vitamin D catabolism. Levels of 24,25-dihydroxyvitamin D are lower in patients with CKD than in those with normal renal function.^[@R45]^ It would have been interesting to determine how 24,25-dihydroxyvitamin D levels evolve after transplantation in parallel with changes in FGF23 and 1,25-dihydroxyvitamin D, which stimulate expression of Cyp24A1, which encodes the 24-hyrdoxylase that degrades vitamin D.^[@R46]^ Although we measured bone turnover markers, we did not perform bone imaging and did not investigate whether persistent hyperparathyroidism was associated with more severe bone loss or increased risk of fractures. Furthermore, we did not examine if the presence or severity of persistent hyperparathyroidism influenced long-term allograft and patient outcomes. Previous studies yielded conflicting results.^[@R25],[@R47],[@R48]^

Treatment of kidney transplant recipients with cinacalcet can improve biochemical alterations in mineral metabolism, including hypercalcemia, hypophosphatemia, and hyperparathyroidism,^[@R49]-[@R54]^ but there is controversy regarding the broader utility and cost-effectiveness of cinacalcet treatment after kidney transplantation. In a recent, randomized, placebo-controlled study of 114 kidney transplant recipients, 12 months of cinacalcet treatment significantly increased the proportion of patients who maintained a mean corrected serum calcium concentration less than 10.2 mg/dL, increased serum phosphate, and decreased PTH levels compared to placebo.^[@R55]^ Although the study reported no adverse safety signals, it was a relatively small study of brief duration. Importantly, this study and all previous studies of cinacalcet during the posttransplant period focused exclusively on biochemical endpoints, and cinacalcet is not approved for use in kidney transplant recipients. Given the high rates of persistent posttransplant hyperparathyroidism that we observed, additional trials are needed to determine whether the biochemical effects of cinacalcet on mineral metabolites can translate into improved long-term clinical outcomes after kidney transplantation.
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